The purpose of this study is to determine whether inducible nitric oxide synthase (iNOS) is involved in the pathogenesis of testicular ischemia-reperfusion (I/R) injury in association with germ cell death, through either necrosis or apoptosis. Western blot analysis showed that iNOS expression was markedly increased 1 h after ischemia, and was accompanied by a huge nitric oxide (NO) production, as measured by the Griess method, with a peak at 48 h of reperfusion. Immunohistochemistry showed that iNOS was expressed predominantly in the macrophage-like cells infiltrated in the interstitial tissues of the testis. Intraperitoneal injection of aminoguanidine (AMG) (400 mg/day), the inhibitor of iNOS, reduced NO production by 57.7% at 96 h of reperfusion. Calpain activation and proteolysis of ␣-fodrin induced by I/R were inhibited by AMG. Germ cell apoptosis was demonstrated by in situ TUNEL and DNA fragmentation on agarose gel electrophoresis. Germ cell apoptosis was maximally induced at 24 h of reperfusion, and was not inhibited by AMG. NO produced by iNOS in the delayed phase of reperfusion promoted ␣-fodrin proteolysis, which is closely associated with necrosis. Inducible NOS inhibition combined with calpain inhibition may improve impaired spermatogenesis after testicular torsion. apoptosis, nitric oxide, testis
INTRODUCTION
Testicular torsion is a urological emergency referred to as acute scrotum, because early diagnosis and surgical intervention determine the prognosis of spermatogenesis. Misdiagnosis and inappropriate treatment lead to male factor infertility [1] . Ischemia-reperfusion (I/R) is associated with activation of neutrophils, inflammatory cytokines and adhesion molecules with increased thrombogenicity, release of massive intracellular Ca 2ϩ , and generation of oxygenderived free radicals [2] . In addition to the early harmful events that occur within minutes to hours after initiation of reperfusion, including activation of calpains in the heart, brain, and testis [3] [4] [5] , a delayed up-regulation of inflammatory mediators may execute the tissue damage and organ dysfunction [2] .
Nitric oxide (NO), a freely diffusible, water-and lipidsoluble gaseous molecule with a short half-life, is formed from L-arginine and molecular oxygen by a family of nitric oxide synthases (NOS) [6, 7] . NOS from endothelial cells (eNOS) and neurons (nNOS) that are both constitutively expressed are activated by increased intracellular calcium [8] . In the testes, eNOS is expressed in the Leydig cell, Sertoli cell, spermatocyte, and spermatid [9] . Expression of inducible nitric oxide synthase (iNOS) requires transcriptional activation that is induced by various combinations of cytokines. The up-regulation of iNOS leads to excessive NO production for prolonged periods of time and accounts for oxyradical-mediated damage in several organs [10] . Nitric oxide is an important mediator of cell death either through apoptosis or necrosis, depending on the intensity and the duration of injury [11] , although little is known about the mechanism of its toxicity in germ cell injury of testicular torsion.
We previously showed the involvement of calpain in the prevention of necrotic cell death due to testicular torsion in the early phase of reperfusion (less than 24 h) [5] . In this study, we examined whether NO production by iNOS contributed to the necrotic or apoptotic germ cell death in the delayed phase of reperfusion (more than 24 h) and the possibility that iNOS inhibition by a relatively selective iNOS inhibitor, aminoguanidine (AMG), through calpain inhibition could be useful in the management of testicular torsion.
MATERIALS AND METHODS

Animal Surgical Procedure
Eight-week-old adult male Wistar rats (185ϳ260 g) were obtained and maintained at 22 Ϯ 2ЊC in a 12L:12D cycle. Rats were anesthetized with sodium pentobarbital (50 mg/kg body weight, i.p.). All animal experiments followed a protocol approved by the Ethics Committee on Animal Experiments in Yamaguchi University School of Medicine and were controlled by the Guidelines for Animal Experiments of the Committee. Animal surgical procedures were performed as we previously described [5, 12] . Briefly, the left scrotum was opened and was rotated three times (1080Њ) clockwise. The tunica albuginea was sutured to the scrotal skin. After 1 h, the torsion (ischemia) was relieved (reperfusion), and the testes were returned to the scrotum. The control rat underwent a sham operation wherein the left spermatic cord was rotated three times (1080Њ) and then immediately relieved. Rats were killed with an overdose injection of sodium pentobarbital (25 mg/100 g, i.p.) before the testes were harvested.
Experimental Protocol
The rats underwent the sham operation (n ϭ 3), or were subjected to ischemia for 1 h followed by 0, 1, 6, 24, 48, 96, or 192 h of reperfusion (n ϭ 5) for each group; the testes were harvested and subdivided for each assay. A group of the rats received i.p. injections of AMG (200 mg/kg in 1 ml of saline; Sigma, St. Louis, MO) (n ϭ 6) or saline (vehicle) (n ϭ 4) between 24 to 96 h of reperfusion every 12 h before the testes were harvested at 96 h of reperfusion. To investigate the effect of AMG on spermatogenesis, the rats were assigned to one of six groups as follows: sham operated group (n ϭ 5), operated group (n ϭ 6), sham operated ϩ AMG group (n ϭ 4; AMG was injected as above described), operated ϩ AMG group (n ϭ 7), sham operated ϩ saline group (n ϭ 4, saline was injected as described above), and operated ϩ saline group (n ϭ 5). The testes were harvested 60 days after the operation. Higher doses of AMG have been reported to be rather toxic because the systemic conditions (e.g., elevated arterial pressure, decreased rectal temperature) of the treated rats deteriorated [13] . Additionally, our preliminary experiments showed that AMG treatment at a dose of 800 or 1600 mg kg Ϫ1 day Ϫ1 showed no marked improvement of spermatogenesis after 60 days of I/R (data not shown). Therefore, we used 400 mg kg Ϫ1 day Ϫ1 of AMG in this study.
Sodium Dodecyl Sulfate-PAGE and Immunoblotting
The frozen testes were homogenized in 10 volumes of sucrose-Tris-EGTA (STE) buffer comprising 0.34 M sucrose, 20 mM Tris-HCl (pH 7.4), EGTA (1 mM), NaN 2 (5 mM), ␤-mercaptoethanol (10 mM), PMSF (0.2 mM), pepstatin A (150 nM), and leupeptin (50 M) with a Polytron homogenizer (Kinematica AG, Lucerne, Switzerland) three times for 30 sec each at the maximum speed. Protein concentrations were determined by the method of Lowry et al. [14] using BSA as a standard. SDS-PAGE and immunoblotting were performed by using antibody for ␣-fodrin (at a dilution of 1:2500; Genex, Helsinki, Finland), m-calpain (at a dilution of 1:2000, monoclonal antibody, specific for the 80-kDa proform of calpain, a generous gift from Dr. Kunimatsu, Department Biochemistry, Nagoya City University of Medicine, Nagoya, Japan), and iNOS (at a dilution of 1:2000; Santa Cruz Biotech., Santa Cruz, CA) according to the method described elsewhere [3] [4] [5] . Equal amounts of protein were applied to the gels (6.5% gels for ␣-fodrin, 7.5% gels for m-calpain and iNOS) and electrophoresed and blotted to nitrocellulose membranes (␣-fodrin) or polyvinylidene difluoride membranes (m-calpain and iNOS). These membranes were blocked with 5% nonfat dried milk in Tris-buffered saline (TBS) containing 150 mM NaCl, 10 mM Tris-HCl, pH 7.4, and 0.05% Tween 20 for 1 h. The membranes were incubated with primary antibody in 1% BSA overnight at 4ЊC and then washed three times each for 10 min with TBS. Then the membranes were incubated with secondary antibody (mouse IgG; Amersham Pharmacia Biotech, Piscataway, NJ) for ␣-fodrin, rabbit IgG (Amersham Pharmacia Biotech) for calpains, and mouse IgG (Santa Cruz Biotech) for iNOS at room temperature for 1 h. The antigens were visualized with an ECL western blotting detection kit (Amersham Pharmacia Biotech). The native molecule or its proteolytic fragments were quantified using an image analyzer (Densitograph AE-6900M; Atto Co., Tokyo, Japan). The data (mean Ϯ SEM) were expressed in arbitrary units.
Concentration of NO in Testis
Nitric oxide production in the testis was quantified indirectly as nitrite (NO 2 Ϫ )/nitrate (NO 3 Ϫ ) from testicular homogenates using a commercial NO colorimetric assay kit (BioDynamic Lab, Mannheim, Germany) based on the Griess method [15] , using 2-10 M sodium nitrite or sodium nitrate as standards. The data in this study represent the sum of nitrite and nitrate and were expressed in micromolar values.
Immunohistochemical Study
Paraffin-embedded sections of 4 m thick were mounted on silancoated glass slides (Dako Japan, Kyoto, Japan), deparaffinized, and hydrated. Then the sections were treated with cold 3% H 2 O 2 in distilled water for 5 min, biotin-blocked with the kit from Dako, and blocked with 2% normal horse serum in PBS for 1 h. The sections were incubated with anti-iNOS monoclonal antibody (at a dilution of 1:200; Santa Cruz Biotech.) overnight at 4ЊC, and then immunostained by the avidin-biotin-peroxidase complex (ABC) method, using the ABC kit (Dako Japan, Kyoto, Japan) and counterstained with hematoxylin.
In Situ End-Labeling of the Germ Cells (TUNEL Method)
The TUNEL method was performed as we previously described [5] . Briefly, the testes were fixed in Bouin solution for 2 h. Paraffin-embedded sections of 4 m thick were mounted on silan-coated glass slides (Dako Japan, Kyoto, Japan), deparaffinized, and hydrated to permeabilize the sections, and then either stained with hematoxylin-eosin (H&E stain) or digested with 20 g/ml proteinase K (Nacalai Tesque, Kyoto, Japan) for 15 min at 37ЊC. Endogenous peroxidase was inactivated by 3% H 2 O 2 for 5 min at room temperature. Apoptotic nuclei in the tissue sections were identified with an in situ TUNEL technique using an apoptosis in situ detection kit (Wako, Osaka, Japan), according to the manufacturer's instructions. Thirty seminiferous tubules on circular cross sections in each testis were evaluated. The number of TUNEL-positive nuclei per tubule was counted and expressed as mean Ϯ SEM for each group.
Analysis of DNA Fragmentation
DNA fragmentation was detected as we previously described [5] . The frozen testes were homogenized on ice and lysed with the lysis buffer containing 50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 100 mM NaCl, and 0.5% SDS and were digested with proteinase K at 0.1 mg/ml at 55ЊC overnight. The genomic DNA was isolated with phenol-ethanol and dissolved in TE buffer (10 mM Tris and 1 mM EDTA). The DNA samples (10 g) and the 200-base pair (bp) ladder marker were electrophoresed on a 1.5% agarose gel. Under the ultraviolet transilluminator, the DNA was visualized and the fragmented DNA (smaller than 1 kbp) was quantified with the image analyzer (Densitograph AE-6900M; Atto Co., Tokyo, Japan). The data (mean Ϯ SEM, n ϭ 5 for each condition) were expressed in arbitrary units.
Flow Cytometry
DNA histograms of the testicular cells were obtained by flow cytometry as previously reported [5, 12] . Briefly, the testis was dispersed with 0.1% collagenase (type Ia; Sigma) at 37ЊC for 1 h, fixed in 70% ethanol, and stored at 4ЊC until the assay. The samples were treated with ribonuclease (type IIIa; Sigma) in Dulbecco PBS (Ϫ) (Nissui, Tokyo, Japan) at 37ЊC for 30 min and 0.5% pepsin A (Sigma) at 37ЊC for 15 min before being stained with 2.5 g/ml propidium iodide (Sigma) for flow cytometry (Epics XL; Coulter Electronics Inc., Hialeah, FL). The relative proportions of haploid (N), diploid (2N), and tetraploid (4N) cells were calculated, and the percentage of haploid cells was used as an index of spermatogenesis [5, 12] .
Data Analysis
Data were expressed as mean Ϯ SEM. The significance of differences were evaluated by two-way analysis of variance after transformation to normalize the data and equalize variance in conjunction with the Student t-test, with a P value less than 0.05 was considered statistically significant.
RESULTS
Time Course of Calpain Activation During I/R
Our previous studies showed that the generation of the 150-and 145-kDa fragments of ␣-fodrin, the proteolytic fragments generated by calpain [16] , is associated with the necrotic cell death in the heart, brain and testis [3] [4] [5] . The 150-and 145-kDa fragments of ␣-fodrin increased significantly with time of reperfusion of the testes for 0-192 h following 1 h of ischemia with the decrease in the 240-kDa ␣-fodrin proform (Fig. 1, A and B) . As shown in Figure  1C , m-calpain activation, represented as proteolysis of the 80-kDa proform, was recognized during I/R. The decrease of the 80-kDa proform that represents the activation of mcalpain, was siginificant after 12-192 h of reperfusion compared to sham-operated testes (Fig. 1, C and D) .
Expression of iNOS During I/R
In this study, we employed Western blotting to demonstrate the temporal changes in iNOS expression. In shamoperated rats or in rats that underwent reperfusion for up to 12 h, iNOS expression was not observed. However, more than 24 h of reperfusion induced remarkable iNOS expression (130 kDa), with maximum iNOS expression at 48 h of reperfusion (Fig. 2A) . The iNOS immunoreactivity was observed focally (Fig. 2B ) in mononuclear and polymorphonuclear cells that infiltrated in the interstitial tissues of the reperfused testis (Fig. 2C) . No immunoreactivity of iNOS was observed in Sertoli, Leydig, peritubular cells, or infiltrated neutrophils. Germ cells in the seminiferous tubules around the iNOS-positive cells (Fig. 2D) were necrotic (e.g., exhibited cell swelling, and eosinophilic change of cytosol) by hematoxylin-eosin staining. These necrotic cells are TUNEL-negative (data not shown). Figure 3 shows that TUNEL-stained tissue of the testis of control (Fig. 3A) underwent 12 (Fig. 3B), and 196 (Fig. FIG. 4 . Representative agarose gel (1.5%) electrophoresis of genomic DNA (10 g per each lane) of the testes after ischemia for 1 h followed by 0-192 h of reperfusion (A). An arrow shows the genomic DNA of the testis. The DNA with sizes smaller than 1000 bp was quantified and expressed as mean Ϯ SEM (B) as described in detail in the text. Data are expressed in arbitrary units. 3C) h of reperfusion following 1 h of ischemia and the quantification (Fig. 3D) . The number of TUNEL-positive nuclei per seminiferous tubule increased significantly with time of reperfusion for 1-192 h following 1 h of ischemia as compared with the sham-operated testis and the testis subjected to ischemia only (Fig. 3D) . The testis treated with periods of more than 96 h of reperfusion showed nonspecific cytosolic staining with cytosolic swelling of the germ cells as indicated by a larger standard error (Fig. 3D) . Figure 4 shows the temporal changes in the DNA during I/R, as detected by agarose gel electrophoresis. DNA fragmentations were evident in the testis after 12 h of reperfusion and thereafter with a peak at 24 h of reperfusion (Fig. 4A) . The densitometric analysis confirmed a significant increase in the DNA fragmentation with time of reperfusion, consistent with the results of TUNEL staining (Fig. 3D) . High molecular weight genomic DNA (indicated by an arrow) as well as fragmentated DNA were decreased in the testis after repefusion for more than 96 h.
Germ Cell Apoptosis During I/R
Concentration of Testicular NO and Effect of AMG
A huge amount of NO was produced during 24, 48, and 96 h of reperfusion (1105.3 Ϯ 170.4, 1423.8 Ϯ 197.6, 1311.9 Ϯ 232.5 mmol g Ϫ1 tissue Ϫ1 , respectively), when iNOS expression was evident ( Fig. 2A) , data not shown).
Effect of AMG on Calpain Activation
Both increase of ␣-fodrin fragments (150 and 145 kDa) (Fig. 5, A and B) and the reduction of the 80-kDa calpain 
Effect of AMG on Germ Cell Apoptosis
The AMG treatment did not affect the number of TU-NEL-positive nuclei after reperfusion for 96 h following 1 h of ischemia (16.5 Ϯ 11.3 versus 23.2 Ϯ 12.5 per seminiferous tubule, respectively) (Fig. 6) . The intensity of DNA ladders on agarose gel electrophoresis showed no remarkable change by AMG treatment (Fig. 7) .
Effect of AMG on Spermatogenesis after 60 Days of Reperfusion
We adopted both testicular weight and percentage of haploid cells by flow cytometric analysis as indices of spermatogenesis [5, 12] . Testicular weight and the percentage of haploidy significantly decreased compared with those of sham-operated testes (Fig. 8) . The AMG exerted no protective effect on testicular weight (0.6 Ϯ 0.3 versus 0.5 Ϯ 0.2 g, respectively) (Fig. 8A) , and the percentage of haploid cells (25.5 Ϯ 11.2 versus 23.8 Ϯ 12.5%, respectively) (Fig.  8B ). Aminoguanidine and vehicle (saline) treatment to sham-operated rats did not affect the results of testicular weight and percentage of haploidy.
DISCUSSION
The present study shows that reperfusion for 24 h or more following 1 h of ischemia strikingly induces iNOS that elevates NO production in the model of testicular torsion of the rat. Aminoguanidine, a competitive and relatively selective iNOS inhibitor, suppressed ␣-fodrin proteolysis after I/R, which may represent necrotic cell death without improvement of spermatogenesis. Nitric oxide is considered to promote the necrosis of germ cells through ␣-fodrin proteolysis and several other pathways in the delayed phase of reperfusion because ␣-fodrin proteolysis was only partially suppressed by AMG.
Endothelial cell NOS and nNOS are constitutively expressed in the testis [8, 9] and are activated transiently in response to the increase in intracellular Ca 2ϩ mobilization and contribute to the physiological regulation of vascular tone [7] . Endothelial cell NOS is expressed in Leydig cells, Sertoli cells, spermatogonia, and spermatocytes [8] , whereas nNOS is distributed to the Leydig cells and contributes to vasodilation [17] . Endothelial cell NOS and nNOS are thought to produce the small amount of NO in the control testis, ischemic testis, and the testis that underwent reperfusion for 12 h or less. That eNOS immunoreactivity detected by Western blotting was reduced concomitant with the time of reperfusion suggests a reduction in the number of cells that express eNOS (data not shown). By contrast, the huge amount of NO after 24 h or more of reperfusion is thought to be derived from the iNOS induced after reperfusion for 24 h or more, peaking at 48-96 h of reperfusion ( Fig. 2A) . The inflammatory (mononuclear and polynuclear) cells in the interstitial tissue expressed iNOS (Fig. FIG. 8 . Effects of AMG on the testicular weight (A) and percentage of haploidy (B) by flow cytometric analysis after 60 days recovery from 1 h of ischemia. Sham (n ϭ 3), ϩAMG (n ϭ 4), I/R (n ϭ 5), I/R ϩ AMG (n ϭ 6), ϩsaline (n ϭ 4), I/R ϩ saline (n ϭ 5).
2, B and C). Consistent with our interpretation, Turner et al. observed the infiltration of myeloperoxidase-positive inflammatory cells after testicular torsion of rat [18] . Although, Sertoli cells have been reported to express iNOS in vitro [19] [20] [21] , we could not find iNOS immunostaining in Sertoli cells. Therefore, we think that the NO and several cytokines produced by these inflammatory cells may diffuse into seminiferous tubules and exert their effect on the germ cells.
We showed previously that the early phase of reperfusion following ischemia induces ␣-fodrin proteolysis through the activation of calpain in the heart, brain, and testis [3] [4] [5] . In the testis, germ cell necrosis and impairment of spermatogenesis are both inhibited by calpain inhibition [5] . Aminoguanidine may inhibit eNOS or nNOS nonspecifically in the early phase of reperfusion, thereby inhibiting the vasodilatory effect of NO and enhanced hypoxia. Alternatively, NO may increase intracellular Ca 2ϩ levels either by enhancing the Ca 2ϩ influx through the plasma membrane or inhibiting Ca 2ϩ handling through the endoplasmic reticulum [22] . If these were the cases, AMG could inhibit Ca 2ϩ overload and subsequent calpain activation and ␣-fodrin proteolysis during reperfusion. However, AMG only partially inhibited ␣-fodrin proteolysis.
␣-Fodrin proteolysis in the early phase of reperfusion initiates necrosis [3] [4] [5] . Then why did AMG not inhibit impaired spermatogenesis at 60 days after reperfusion, even though it inhibited ␣-fodrin degradation, in contrast with calpain inhibition? First of all, the inhibitory effect of AMG on ␣-fodrin proteolysis after I/R was much smaller than by the effect of calpain inhibition. Our previous study showed that the early period (up to 24 h) of reperfusion following ischemia induces proteolysis of ␣-fodrin of the germ cell basement membranes. Calpain inhibition would inhibit the cause (␣-fodrin proteolysis) of I/R injury of the testis in the early phase of I/R, as we previously showed its striking improvement of reperfusion injury through calpain inhibition in the heart. By contrast, in the delayed phase of I/R, the inflammatory cells would produce cytokines, reactive oxygen species (ROS), and other toxic substances, as well as NO, all of which can promote cell death. Aminoguanidine can only inhibit iNOS at most partially, because higher doses induced toxic effects by themselves (data not shown). It is thought that mild insult leads to apoptosis, whereas severe insults induce necrosis [11] . Because the production of NO and cytokines in the delayed phase of reperfusion would be at a high level, germ cell death may be necrosis not only through calpain activation but also possibly through NO and various cytokines [23] . In support of the latter hypothesis, the decrease in the genomic DNA was much faster than the formation of DNA ladders, suggesting the predominance of necrosis over apoptosis in the I/R of the testis (Fig. 4A) . Nonvisible smaller DNA fragments may contribute to the enhanced TUNEL staining after 96-192 h of reperfusion (Fig. 3C) . Additionally, a study using electron microscopic TUNEL staining of the heart showed that so-called apoptotic cardiomyocytes after I/R represent oncotic (necrotic) myocytes with DNA fragmentation [24] . Taken together, these findings suggest that the apparent apoptosis in the delayed phase of reperfusion may represent cell death predominantly by necrosis with DNA fragmentation induced by NO and cytokines, although apoptosis may partially contribute.
Nitric oxide is only one of many inflammatory mediators and it must be used in combination with other inhibitors [25, 26] . For example, adhesion molecules that contribute to the inflammatory cell adherence of the testicular microvascular endothelium [27] are considered as target molecules that we must examine. One advantage of AMG is that it takes 1 or 2 days for iNOS induction, therefore, AMG administration after several days of testicular torsion would be effective. Although preischemic administration was required for calpain inhibition, the combined use of calpain inhibitor and AMG would exhibit synergistic improvement upon administration during reperfusion. Preliminary experiments afforded hopeful results (data not shown).
In conclusion, I/R of the testis induces iNOS, which promotes germ cell injury, possibly through necrotic cell death induced by NO and cytokines in the delayed phase of reperfusion. Combined inhibition of calpain and iNOS may improve impaired spermatogenesis. of immunohistochemistry and Professor T. Fujimiya (Department of Legal Medicine, Yamaguchi University School of Medicine) for helpful advice.
